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ABSTRACT

This report describes activities in ATC Surveillance/Communication
Analysis and Planning funded by the . e aral Aviation Administration.
It is the first Quarterly Technical Sumr- ary of this program, covering
the period I September to I December 1971. The activities include
preparation of a final "T'echnical Development Plan for a Discret: Ad-

dress Be*'.con System" in cooperation with FAA personnel and initiation
of planning activities in preparation for undertaking the system engi-
"neering rcsonsibility on DAj3S. Other activities initiated during the
"reporting period include air traffic surveillance requiremients studies,
investigations of current system performance, and investigations of
critical areas related to the design of DAB3S. Field measurement of
ATCRBS transponder performance has continued during the report'ng

period.
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ATC "URVEILLANCE/COMMUNICATION ANALYSIS AND PLANNING

I. INTRODUCTION

This is the first Quarterly Technical Summary, covering the period I September to

I December 1 971, of the work performed by Lincoln Laboratory under Interagency Agreement

DOT-FA72WAI-242 between the Federal Aviation Administration and the United Stated Air Force,
The Statement of Work includes four tasks to be carried out under this Interagency Agreement;

these are summarized as follows.

1. Determine the air traffic surveillance and air/ground data-link communication

capability required to support the air traffic control system for the forthcoming
1 5-year period.

2. Perform trade-off studies of alternative approaches to meeting the requirements

outlined in Task 1. The approaches considered should include systems utilizing

combinations f upgraded ATCRBS, a Discrete Address Beacon System (DABS),

primary radar, and VHF data link. 'ystem comparisons should take into account

the possible availability of an (undefined) "Fourth Generation" system in the 1 990

time frame,

3. Undertake detailed investigations of critical areas involved in the design of DABS,

4. Provide technical support as required to the FAA Communication Development

Division.

At the time when this effort was begun, Lincoln Laboratory was preparing for the FAA, un-

der a separate Interagency Agreement, a "Draft Technical Development Plan for a Discrete

Address Beacon System."1 Task 3 was intended to provide an early start on resolving the critical

issues related to the design of DABS, with the recognition that these efforts would become part

of an over-all DABS development program as soon as one was initiated. During the latter part

of this reporting period, the FAA asked Lincoln Laboratory to undertake, under a separate Inter-
agency Agreement, the system engineering of DABS. It is anticipated that this effort will com-

mence on or about 3 January 1972. Subsequent work on the efforts defined under Task 3 will be
supported by, and reported as part of, the DABS System Engineering effort. The requirements

analysis called for in the final Technical Development Plan for DABSZ will be performed under
an expanded Task I and reported as part of this effort. Further, the dropping of Task 3 will

permit greater depth in the consideration of alternative approaches (Task 2) and will make addi-

tional support available in related areas under Task 4.
Specific efforts undertaken during this reporting period include the following:

1. In cooperation with FAA personnel from the Communication Development Division
and Office of Systems Engineering Management, prepare a final "Technical Develop-

ment Plan for a Discrete Address Beacon System.":

2. Carry out preliminary planning activities in preparation for undertaking the system

engineering respotisibility on DABS,

3, Initiate air traffic surveillance requirements studei-4 (Task 1),
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4. Initiate investigations of current system performance as a base for the trade-off

studies of Task 2.

5. Continue field measurements of ATCRBS transponder performance.

6. Initiate investigation of critical areas related to the design of DABS.

Items 3 through 6 above are reported in greater detail in the following sections

II. SURVEIL.ANCE REQUIREMENTS ANALYSIS

As a first Ftep in developing plans for improving air traffic surveillance and communications

over the next 15 years, it is necessary to understand in detail the respective capabilities required

to support the operational Air Traffic Contol (ATC) system, These requirements are not unique

since there are many ways of performing the ATC functions. In fact, ATC proceeded for many

years without any means of traffic surveillance, and operates today with only partially imple-

mented, rudimentary data-link capability (ATCRBS identity and altitude reporting). Thus, these

requirements depend upon the objective and the structure of the ATC system.,

In practice there ,s some interaction between studies of requirements and capabilities since

requirements are not unique and capabilities can be pro-, ided in various ways, each way having

a different cost.

Our studies have initially focused on surveillance requirements., Studies of communication

requirements will be undertaken in future reporting periods.

A. Control of Approaches to Independent Parallel Runways

One of the functions which places parti -ular demands on the surveillanct, system is the mon-

itoring of independent IFR approaches to close-spaced parallel runways. The use of these run-

ways spaced one-half mile apart was recommended by ATCAC in order to achieve more efficient

utilization of existing airport real estate. Mathematical models 3 ' 4 which evaluate the collision

risk have been used to calculate the minimum acceptable spacing of runways. In these models,

the uncertainty in aircraft position is repree;ented by a normal distribution dependent upon the

limited accuracy of the landing guidance system. These models represent the operating mode

in which aircraft are making a normal desce:nt through an approach corridor (normal operating

zone) that extends a few hundred feet to either side of the runway centerline. Another operating

mode which has been investigated5-7 is that corresponding to an emergency situation where the

aircraft for some reason has strayed off course and, after receiving a command from the con-

troller, executes .a recovery maneuver. The results presented by the various authors are quite

different because they are extremely sensitive to the assumed worst-case blunder maneuver, the

width of the normal operating zoac,, the. controller-pilot-aircraft response time, and the surveil-

lance system error.

In all the above references, false-alarm probabilities and detection probabilities were not

calculated. Also, the assumptions made in deriving the model were not verified. Accurate esti-

mates of aircraft cross-track pmsition and velocity are needed to transmit an emergency com-

mand at the right time., rlhis imposes stringent requirements on the ra, e and azimuth estimation

accuracy, data rate, low-angle coverage, and the tracking algorithm. The objective of our study

is to utilize and expand on past work effectively in order to obtain a range of options for an ap-

proach monitoring system from which a cost-effective choice cau be made. The following sections
provide a breakdown of thev problnm and sumnmirh, e our accomplishments thus far.
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I. asic Approach

This section outlines the various parts of the problem, many of which can lie investigated in
parallel. 'ruhy include tracking, determining realistic assumptions it) ie made in modeling the
mitu~iton, predicting the aircraft's future position, developing a decision algorithm, andJ choosing

the best scensor.

Various filters for tracking maneuvering aircraft musst be investigated, Five candidates

that, have been compared 8utnder particular conditions are the Kalman filter, a simoiriied Kalman

filter, an a-11 filter, a Wiener filter, and a two-point cxtrapolIation. Of theme five candidates,

the Kalman filter"' is the most sophisticated, potentially the most accurate, but the most costly

to implement. 'rho final selection involves trade-offs bietween filter accuracies, filter imple-

mentation requirements, and system performance goals and limitations.

As mentioned earlier, various assumptions have a subistantial effect on the calculation (if a

"1safc"l centerline spacing. One important assumiption im the worst-case maneuver expected of

all ;,1rcrart on final .1pproacli. This, coupled with the maximninim speed of the aircraft andi the

turn rate, would give the maximum lateral distance needed for a recovery turn maneuver. Also

closely related to the worst-case maneuver Is the ass~ociated lateral distance traveled during the

assumed controller-pilot-airc raft response time. An FAA simulation study at NAFKX. found that

much a response time has a mean of 6 seconds with it I a deviation of 2.4 seconds.9

in order to make decisions as to whether a command to maneuver should he given, predic-

tions of the aircraft's position (and perhaps heading and velocity) should tie made Into the future

for a time equal to the controller-pilot-airciraft response time plus the time for a corrective

turn maneuver. The resultant errors in predicting cross-track position will have an Important

effect on the required centerline spacing, Coiiversely, the centerline spacing has a substantial

effect on the prediction accuracy required.

Trhe decision algorithm uitilizes the tracking algorithm and the prediction calculations accord-

ing to some chosen detection strategy. Certain thresholds which involve aircraft. cross-track

position, velocity, and acceleration are detcrm ined; i ra threshold Is exceeded, a com mand to

turn Is made. These thresholds are a function of the permitted false-alarm and detection prob-

abilities and have a direct influence on the resultant centerline spacing.

Once the requirements on data accuracy, data rate, andi airnpacc coverage a~rc known, alter-

nate approaches to obtaining good sensor data can be inves~tigated. For instance, one approach

may be to use down-linked microwave 11,5 data in conjunction with that obtained from a ground

sensor (or sensors). In another approach, accurate cross-track data may be obtained fromi aujx-

ilary receivers used In conjunction with a DABS or ATCiIs interrogator.

2. Primary Results

A Kalman filter tracking algorithm 8was programmed (in the compiuter. The sensor coor-

dinates (r,O0) rather than Cartesian coordinates (x, y) were chosen for the filter mainly because

the measurement noise covariance matrix is diagonal. rhe, rrfects of maneuvers, Irregular de-

viations from straight-line motion, and nonlinearitics; in the true equation" of motion of the air-

craft are represented by a noise which drives the linearized equationh or motion, We denote thin

noise as maneuver noise. This filter was tested with a variety or realistic aireraft trajectnries

fluo i eiIii', d uir fts i ,l,.es. nmit poitivislr fi nri',r thok i Fi , e -de
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approaching the turn-on point and along the extended centerline of a runway. Surveillance accu-
racies or 1 50 feet and 0.2 were assumed, and a nominal aircraft approach speed of 135 knots
was chosen, By optimizing the tracker for each of the (light paths, the effective range of the
variance of the mtleutlvter noise was obtained. Work is now 1in progress in developing a tracking
algorithm that will automatically adjisst this variance according to changes in i and 6.

Projections of possible aircraft positions and velocities forward in time allowing time for

system response and corrective turn maneuver were demonstrated by augmenting the Kalman
filter. Conversion was first made to the Cartesian coordinate system since cross-track position

and velocity are most Important for parallel approach operation, The filter error covarlan:'c
matrixH was projected ahead tiging the standard state transition matrix for straight-line motion.
A ||ew matrix was formulated for projections into the corrective turn, The resulting errors
tgrred very closely with the statistics of projected tracking . rrors using a Monte Carlo simula-

tion techniquc. These predictions were made for aircraft trajectories intersecting the centerline

at va.riu)•us angles.

B. Control of Lateral Deviations

Another Important function 'is the monitoring and detection of lateral deviations from course

hy controlled aircraft flying along assigned airways. Previous work on determining safe separa-

tion between parallel airways6 has Included consideration of false-alarm probability and prob-
ability or detecting a deviation. rhe airway width, centerline spacing, and the required surveil-
lance reliability, accuracy, and data rate will be determined in a way similar to that described

for the parallel approach monitoring function.

C. Intermittent Positive Control

It is likvly that, in ternis of the amomnt of data processing required and the burden placed
on the s||rveillance system capacity, Intermittent Positive Control (IPC) will he one of the most
dunianding ATC functions. This !s due primarily to the large number of aircraft that will require

IPC service amnd to the special nattire of an automated decision-making system,
We have sought to identify the performance factors which might be used In the evaluation of

various II'C design options. rhese factors inevisde the level of safety, costs to user, rate of
commands, data processing requirements, and pilot acceptability, The parameters of the sur-
veillance system that are most significant in meeting IPC objecttves are data content, data accu-

ra'y, data rat(e, sophistication of tracking algorithms, and command-link acceptability.
Arn attempt has been made, to identi(v the major .ompovnts or an IJlC system and to con-

sider the design options which exist for both hardware and sortware, It hag been found that in
many cases there are widely dirfering alternatives which must he examined as separate design

candiidates.

'rhe extent to which the IPC system can take advantage of better surveillance data is strongly

dependent on the content of the commands and the sophistication of the hazard evaluation software.
We are currently exanmining three alternative hazard !valuation algorithms which differ from

each othuer in computational complexity and command rate. One algorithm treats motion In each
spatial coordinate separately; another proceeds in a state space based upon rectilinear motion;

the third employs linearizefd .quaitions of motion with 0 searh for worst-case maneuvers, Of
niafor interest is tfle manner in which tit. ,fficiency of these, algorithms is affected by the no-
cessity orf bing safety-conservative in the yr.se'nct: of trac•king errors. Any algorithm can be
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made conservative merely by increasing the warning times. separation requirements. or accel-
eration limitm, but a more desirable approach is to explicitly include tracking error estimates
in the evaiwuition process.

D. Other ATC Functions

The surveillance and data communication requirements necessary to support other ATC func-
tions must be determined. These ATC functions include control of vertical (altitude) deviations

and perhaps longitudinal deviations from desired values as well as the generation of special flight
instructions. Theme instructions may be in the form or vectors or other commands and may
originate from a human controller, a metering and spacing system in the termkinal area, or a
flow control or metering system in the en route area. These instructions may arise from the
need for c-ontrolled aircraft to be at a certain place at a certain ntim or from the neeC to avoid
passing too close to another aircraft. The surveillance and communication requirements pre-
sented by these ATC fun'. tions are likely to be different in different portions or the airspace.

Work nn determining these requirements is in the formative stages.

M.ATCRIS CPBLT
Another important step in developing the strategy for improving the surveillance and corn-

munication systems is the development of an understanding of the capability of the present sys-
has, ip ovmnt toe~pt~adtildudrtnigo the present system, anlrpoe euzsv.,- h inita fouture ru-

ef mprovseent ton thvelopresnt a systaiemd unesandigoh proposdnne syste m.~ The Inita foutuof our
porting periods. studies will focus onl determining the capability of specific alternative approaches
to meeting ATC surveillance and communication requirements. These approaches will include

evoutinay iproemntstoATCRBS, wihadwithout changes in aircraft equipment and with
and without improvements to priniar.ý radar., M1ore far-reaching Improvements including mono-
plse. controlled interrogation and sensor-data netting will he examined. Approaches employ-j ing DABS and VIIF data link will also bv examuined,

A. Signal Processing

T'ae target -detection and azinituth-estintation performance of the AT(RBS poirtion of the NAS
Stag,. A Common Digitizer has been analyved, Both target detection aind azimuth estimationi were

inve,4tigated for the cases where the input signal to the coninmon digitizer (1) had not been preproc-
essed by a defruiter, (2) was first passed through a standard signal correlation defruiter, and

(3) was first passed through a double correlation defruiter ais in niilitarN UPA-) 22 vcder/decoder

group (double correlation defruiting is not the samet toehniqut, as l A double defruiiting).

Previot's work dealt only with those cases where the, beacon transponder reply run length

was equal to the processor window length.. This work has been expanded to include cases where

the run length exceeds the wiodow length. (Such a situation exists for NAS where the nominal

rwn Ilength is 45 with a 1:2 or I:) mode inrte~rlace p.*ttevin for I proccssmr window size of eleven.)

Initial rcsull~s show that the double correhiaton dcl'rtiter irivvs slightlN higher target-detection

probabilities and improved aziniuth estiniation while maintaining an equai or lower p~rob~ability

of false alarm,

A prolbabiliistic state d aplroach to the pr-obilem of (let 11ThImiking uctectioti'i, faise alarm * and
azimuth-estmiation pcrfornianct. has alm bvo l oem ciuist ig.tod, Tilt approach Ii s pruel ap-

pealting for prf Ihlonis. inivolving inuaVsuallh lout r'II lIt-1g,01s. l'N1111iups of possible, app Iliatitilns

fr the' 1iwftIIod M em



S(t) Azimuth estimation in the presence of fruit,

(2) Resolution of two closely spaced targets Jin azimuth),
S(3) False-alarm probability distribution per scan.

The digital I.-ocessing in the cl.,rent ATCRBS is typically analyzed on the basis of binary

random variables - a one representing a hit, a zero representing a miss. The usual assumption

is that successive replies are statistically independent and identically distributed. The validity

of these assumptions is subject to question; hence, more realistic models have been investigated.

When the replies originate from a legitimate target, the possibility of a miss ir.creases with

Stransponder dead-time and with ciannel occupancy. Simple analytic expressions have been found

Swhich relate probability of miss to dead-time and channel occupancy.

B. Transponder Test Program

in view of the growing voiume of air traffic and the capacity limits of the present ATCRBS,

it was deemed advisable to make field measurements of existing transponders to gather data that

could be used both in evaluating the present system operation and in planning future developments.

The program was undertaken to provide a measure of the primary characteristics of the

transponders in a random sample of general aviation aircraft. It was planned to indicate in gen-

eral terms the degree to which operational general aviation transponders meet the current Min-

imum Operational Characteristics., The test program is not intended as tither a comprehensive

,evaluation of all transponder characteristics or a competitive evaluation of units of different

manufacture.

As a compromise between the most realistic measurements possible, which would inv,%lv,'

a highly instrumented and extensive flight test program, and the desire lo minimize cost and

time duration, it was ,decided to conduct the tests on the grout.d with the aircraft engine running

and with other radio/navigation equipment turned on. This decision set constraints on the time

that could reasonably be aqlocated to measurements, A target time of 10 to 15 minutes for the

active test of an aircraft was established.,

The tests were performed with the aircraft parked on a suitable run-up pad and the mobile
test van parh-d nearby., Coupling to the antenna of the aircraft under test was accomplished

through the use of a horn antenna as illustrated in Fig. i.

AIRCRAFT
TIhbT EQUPMENT 'U~NDER TEST

CAXIAlUNDER TEST
CA3LE ADJUSTASLE ABSO3RBEN

T

SUPPORvr MATERIAL

Fig., 1. lypicol test setup.



The following transponder characteristics were mieasured::

Frequency

Dead-time

Suppreshion time

Delay

Squitter

Sensitivity

Power output

The initial phase of the program, supported by an earlier Interagency Agreement, was be-

gun on 24 May 1971, and the field testing was completed on 12 July 1971. IFollowing the field

test, which included measurements on 96 aircraft, a data reduction and report preparation effort

commenced. The ,eport effort was completed with the publication of an interim report.!0 I,'ol-

lowing an informal reporting of the results of the first phase tests, the Laboratory was asked to

extend the program to cover the testing of approximately 500 aircraft.

The field test is continuing., Approxinmately 250 aircraft have now been tested. The results

being obtained are consistent with the data gathered r:,•og the first phase of the program as

summarized in the interim report.

Detailed discussions of the first-phase results are given in the Interim Report. A bricf

summary fo:lows.

Frequency:- Approximately 6 percent of the operable transponders tested were out of

the frequency specification limits.,

Dead.-Time:- A tight bunching of dead-time around 35 0sec was found. Five of the first

96 units tested had very long dead-times which were far out of specification.

Suppression Time:- Suppression times were found to be rather evenly distributed over

the specification range from 25 to 45Rsec.,

Delay:- Transponder delays were generally found to be within the specification limits

of 2,5 to 3.5 Fsec.

Squitter:- Sq.iitter was not found to be a significant problem with the transponders

tested,:

Sensitivity:- A rather uniform distribu'ion of sensitivity readings was found over the

region from - 65 to - 80 dBm.,

Power Output:- Power outputs were generally distributed between 18 and 28 dJ3W.

IV. CRITICAL DABS DEVELOPMENT AREAS

During the present reporting period, the Technical Development Plan for DABS was corn-

pleted., Planning for our role as Svstvni Enhgineering (ontractor for DABS has conimencd., In-

vestigations O1 a number of the critical problem areas in the D)ABS development have begun during

the present period.

A. DABS Interrogation Scheduling

In order to rt',i i/ the tfreeidm, tfroni sp nchronotus t•:arhlc' inherent in tht,' DAI S concept, it is

necessar\ to dI'xm-,e ii t,>rthm-. for the scheduling of I).\D BS iLtt'v'i'ogations. A u.sdft1 algorithni



must accept a target list, which will contain target identity, ti ne of last position update, last

reported position, and track data in some form, on each target, and it must prepare an inter-

rogation schedule which will make efficient use of the channel without permitting replies to over-

lap. The schedule will operate in advance of the real time period being scheduled, and will also

schedule ATCRBS interrogations according to a pre-assigned DABS/ATCRBS interlace scheme.

Moreover, the DABS interrogations must satisfy the demands of both the surveillance and digital

data-link communication functLoS.s

The specific problem presented by interrogation scheduling is unique to the DABS system

concept., It is also central to the DABS system design, and it interacts strongly with nearly all

the other major DABS subsystems:, antenna configuration, azimuth measuring technique, mod-

ulation/coding scheme used on the channel, interference environment, target tracking procedure,

and all aspects of automated air traffic control and communications. In order to perform intel-

ligent trade-off analysis between the interrogation scheduling subsystem design and the design

of the other subsystems listed above, it is necessary to have a variety of practical algorithms

available and a clear understanding of the costs (in complexity) and performance (in target-

aindling capacity) of each of them., Since the subject is new, it is important to make an early

start in developing this area so tiat the requirements and difficulties connected with this phase

of the DABS design may be factored into the over-all system design effort from the beginning.

As a start in this direction, a reporti4 is in preparation which deals with the interrogation

scheduling problem in general and with a number of algorithms in particular. The material is

an outgrowth of work done in connection with the preparation of the DABS Technical Development

Plan, supplemented by a more recent and continuing effort toward the development and evaluation

of specific scheduling algorithms,

The report )ntains a general description of the DABS system concept and a comprehensive

discussion o scheduling problem and its relation to other aspects of the DABS design. The

problem of time sharing an interrogator between an ATCRBS and a DABS mode is discussed in

detail, and a general relation is derived which can serve as the starting point in the design of the

DABS/ATCRBS interlace procedure, A number of algorithms are introduced and discussed in

the context of an agile-beam phased array, with emphasis on the complications introduced by

(1) monopulse, (2) a requirement for variable data rate and/or rapid-access communication,

(3) an interrogation schedule interrupt capability (for emergency message delivery), and (4) the

need to interlace ATCH13S and DABS interrogation schedules. A separate chapter is devoted to

the rz)tatmng mechanical antenna and the constraints that it imposes on both scheduling and the

restidtant target-handling capacity, F'inally, a brief discussion is included on the effects of target

niott(. on scheduling and the corresponding tracking requirements to support the interrogation

scheduling f-Inct•on,

B. Interference Model Development

Work ha.+ begulln ot devtoloing models to represent ATCHIIS up-link and down-link channel

loading. Thehe models will b'e used to assess quantitatively AT('RBS self-interference effects

.and A'l't'lhIS interfernce effects oin l)D IS designs operat'ng on 1030 and/or 100lh00.lz., Empha-

,ts has been placed oni models that cat, beý scaled with interrogation population and tranlSp)onder

popul'Ation in order to uhl i mitily 11-4(, these models to project the ATrcI I1s (hannli loading through-

out thr" .Vl'Cit1,1 to I)-\I t1l5',uit •li period., To coordinate work in this area, several discussmons

w, re heldI with representatvys • thei l),partinlnct of I'ransp)ortation/'T'ransl)ortation S stems ('en-
ter, tht,e l('ctroiaginetic ( otmupattlihti Ard\ '-,is ('cutter, and the MII'ITIE, (C')poratioin.



C. DABS Modulation and Coding Design

Early work in this area is oriented toward analysis of performance of candidate binary mod-

ulation systems in the presence of white itoise, interfering signals (ATCIuBS-hke as well as

DABS-like), and multipath garble. The investigations will include a variety of optimal and non-

optimal signal processing techniques suitable for implementation in low-cost transponders as

well as ground equipment.

D. Monopulse Analysis

Analysis of the accuracy of monopulse azimuth angle estimation techniques in the i resence

of white noise, multipath, and interfering signals has begun., Early efforts are oriented toward

definition of experiments to model the various sources of monopulse errors.,
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